Introduction {#s1}
============

Humans have the ability to adapt their movements to various environments and/or perturbations through practice or experience. A possible approach to investigate human adaptation capabilities is to simultaneously examine the brain dynamics and behavioral changes during arm movements in the presence of a visual distortion of the movement trajectory (e.g., Contreras-Vidal and Kerick, [@B19]; Anguera et al., [@B2]; Seidler and Noll, [@B57]; Gentili et al., [@B22], [@B23]). Under such conditions, individuals are required to learn the internal representation of the novel visuomotor transformation (i.e., a hand-screen cursor rotation) to perform accurate movements (e.g., Kluzik et al., [@B41]; Kagerer and Contreras-Vidal, [@B40]; Gentili et al., [@B23]). Visuomotor adaptation paradigms require inhibiting prepotent visuomotor mappings that are no longer task-relevant and consequently may interfere with the ongoing adaptation process.

Brain dynamics during visuomotor task adaptations have been investigated by employing various neuroimaging techniques. For instance, numerous studies combined an adaptation task with functional Magnetic Resonance Imaging (fMRI) (e.g., Seidler et al., [@B58]; Seidler and Noll, [@B57]). However, the constrained movement amplitudes and the unnatural placement of the subject\'s body in a supine position while performing the task in a magnet provided limited ecological validity; since daily physical motor activities are usually performed in a seated or standing position. To address the issues of limited ecological validity and task performance in natural settings, functional near infrared spectroscopy (fNIR) enables monitoring of cortical activity in natural settings was used (e.g., Hatakenaka et al., [@B30]; Ikegami and Taga, [@B34]; Leff et al., [@B44],[@B45]; Ayaz et al., [@B10], [@B9], [@B5],[@B6],[@B7]; Ohuchida et al., [@B51]; James et al., [@B39], [@B38]; Gentili et al., [@B24]). In addition, there are few magnetoencephalography (MEG) and electroencephalography (EEG) investigations of brain dynamics during performance of visuomotor adaptation tasks (Contreras-Vidal and Kerick, [@B19]; Anguera et al., [@B3]; Bradberry et al., [@B13]; Gentili et al., [@B22], [@B23]; Perfetti et al., [@B52]). These recent EEG studies evidenced a refinement of the cortical dynamics throughout adaptation for individuals facing the distortion whereas no changes in brain dynamics or behavior were observed in individuals who did not face the distortion challenge. However, for individuals who faced the distortion, there was an increase in alpha power in the prefrontal regions that reflect a progressive derecruitment of the prefrontal inhibitory functions. Thus, these prefrontal inhibitory functions are highly engaged during early learning to inhibit the prepotent motor responses whereas they become irrelevant to the task demand during late adaptation (Gentili et al., [@B24], [@B23]).

Beyond these studies, there is a critical need to investigate hemodynamic changes in ecological situations (e.g., seated positions) as the brain adapts by considering alternative neuroimaging approaches such as fNIR. While EEG provides a measure of neural electrical activity, by contrast fNIR measures blood oxygenation levels via infrared light (e.g., Izzetoglu et al., [@B35]; Ayaz et al., [@B10], [@B9], [@B5],[@B6],[@B7]). In essence, fNIR can provide different and complementary biological markers for brain dynamics with increased robustness to artifacts during cognitive and motor performance under everyday conditions and in real life environments (e.g., Coyle et al., [@B20]; Hatakenaka et al., [@B30]; Leff et al., [@B44],[@B45]; Abdelnour and Huppert, [@B1]; Ayaz et al., [@B10], [@B9], [@B5],[@B6],[@B7]; Gentili et al., [@B24]; James et al., [@B39], [@B38]; Power et al., [@B54]; Sweeney et al., [@B65]). Comparatively, it was demonstrated that fNIR could indicate various levels of cognitive workload (Izzetoglu et al., [@B37]; Ayaz et al., [@B10], [@B5],[@B6],[@B7]; James et al., [@B38]; Power et al., [@B54]) as well as changes in motor performance (Hatakenaka et al., [@B30]; Ikegami and Taga, [@B34]; Leff et al., [@B44],[@B45]; Morihiro et al., [@B50]; Gentili et al., [@B24]).

Among the rare fNIR investigations that focused on motor learning (e.g., Leff et al., [@B46]; Ayaz et al., [@B5],[@B6],[@B7]; James et al., [@B38]), none investigated adaptive brain dynamics capabilities along with the concomitant changes in performance during a visuomotor adaptation task where individuals faced a cognitive-motor challenge such as the inhibition of prepotent motor responses that are no longer task-relevant.

Therefore, the present study examined functional brain activation by employing fNIR with a particular emphasis on the prefrontal regions since the visuomotor task we employed solicited these specific cortical regions that inhibit prepotent motor responses to facilitate adaptation processes. We predicted that as adaptation happened, there would be a progressive reduction of the cortical activity (i.e., a reduction of oxygenation level) for individuals who experienced the visual distortion since during early adaptation, frontal executive (inhibitory, updating) functions are necessary to adapt to the task demands whereas these same executive functions would become much less relevant by late adaptation. In addition, no cortical or behavioral changes were expected to be observed for individuals who were not exposed to the visual distortions since the engagement of these executive functions was unnecessary.

Materials and methods {#s2}
=====================

Participants and apparatus
--------------------------

Twenty-six right-handed and healthy adults (12 males and 14 females ranged from 20 to 35 years old) with normal or corrected-to-normal vision volunteered to participate in this study that was approved by the Institutional Review Board at the University of Maryland-College Park. Participants were seated at a table while facing a computer screen that was placed in front of them at a distance of \~60 cm; while they were required to draw a line by moving a pen on a digitizing tablet (12 WACOM, InTuos). Pen trajectories were displayed in real time as solid black lines on the computer screen by means of custom software (Oasis v.8.29 Kikosoft, Neijmegen); however, a horizontal board prevented vision of the arm/hand moving on the digitizing tablet. Participants had to execute with their right arm/hand "center-out" movements to draw lines from a home target circle (ø = 5 mm) placed in the center of the screen to one of four peripheral target circles (ø = 5 mm). As such, the home target circle represented the origin of a polar frame of reference in which the pointing target circles were positioned at 10 cm from the origin and located at 45°, 135°, 225°, and 315°, respectively (Figure [1](#F1){ref-type="fig"}). Concurrently, optical brain imaging signals were recorded by the continuous-wave dual-wavelength fNIR system first described by Chance et al. ([@B15]) and developed at Drexel University (Ayaz et al., [@B9], [@B5]). Accurate and repeatable positioning of the sensor pad was ensured by using the International 10--20 system for electrode placement and by matching the center of the sensor with the vertical axis of symmetry that passes through the nasion. This fNIR system included three components: (1) a flexible headpiece (sensor pad) which incorporates both light sources and detectors enabling therefore a fast placement of all 16 optodes (channels), (2) a control box for hardware processing, and (3) a computer for data acquisition with triggers to synchronize events with the fNIR signal. The sensor had a temporal resolution of 500 milliseconds per scan with 2.5 cm source-detector separation allowing for \~1.25 cm penetration depth. There are four light emitting diodes (LED) that can shine in 730 and 850 nm wavelengths and 10 photo detectors on the flexible headband sensor. The configuration of light source and detectors yielded to a total of 16 active channels that composed the probe covering a space of 14.1 cm (width) by 3.5 cm (height). Such a system was designed and previously employed to monitor dorsal and inferior frontal cortical regions underlying the forehead (e.g., Izzetoglu et al., [@B37]; Bunce et al., [@B15a]; Ayaz et al., [@B8], [@B5],[@B6],[@B7]) (see Figure [1A](#F1){ref-type="fig"}). Cognitive Optical Brain Imaging (COBI) Studio software (Drexel University) was used for data acquisition and visualization (Ayaz et al., [@B9]). During the task, a serial cable between the fNIR data acquisition computer and stimulus presentation computer was used to synchronize the fNIR and kinematic signals.

![**Experimental setup and devices. (A)** fNIR probe (Drexel University™) including the 16 channels (represented by a filled white square) and its placement on the prefrontal region of the forehead subjects (Ayaz et al., [@B5]). **(B)** Sequence composing a reaching trial and set-up allowing for continuously recording of both fNIR and kinematic signals via the digitizing tablet during arm reaching movement. MO, Movement onset.](fnhum-07-00277-g0001){#F1}

Experimental procedure
----------------------

To become familiarized with the experimental device, the participants performed 20 practice trials as an orientation/familiarization phase (these trials were not included in the subsequent analyses). Before starting the experiment, a 10 s baseline was recorded while the participants were inactive and relaxed. This baseline was then employed to compute the changes in concentration of fNIR markers (e.g., oxygenated hemoglobin) used in the subsequent standardization of the fNIR data. Then, participants performed 20 trials (i.e., 1 block) under normal (i.e., without visual distortion) visual feedback of cursor movement (i.e., pre-exposure). The 26 participants were randomly assigned to the learning and control groups with each group including 13 participants. The experimental (learning) group participants performed 180 (i.e., 9 blocks × 20 trials) drawing movements during which the screen cursor was suddenly rotated 60° counterclockwise (i.e., exposure) whereas no visual distortion was imposed on the control group. Lastly, all participants executed a block of 20 trials under normal visual feedback (i.e., no visual distortion) to assess for after-effects (i.e., post-exposure) and to determine if the internal model of the novel visuomotor map was effectively encoded by participants. Targets were self-selected and movements were self-initiated (i.e., no forced paced), and all targets were displayed throughout each trial. At the beginning of each trial, an 8 s rest period was considered during which the subject fixated on the home target (Sitaram et al., [@B62]). Then a beep sounded, indicating to the participants that they were allowed to enter the screen cursor inside the home target circle (without any time constraints). Next, participants had to select one of the four peripheral targets without moving the pen and prepare their movement. Once the peripheral target was selected, they had to draw a line as straight and as fast as possible linking the home and pointing target. Movements that started earlier than 2 s after target presentation were terminated, and the trial was restarted. Thus, participants had enough time to both select a target and plan their movement (at least 2 s) and could start whenever they felt ready after this 2 s period. Once a successful trial was performed, all visual stimuli were erased from the screen in preparation for the next trial. To minimize fatigue and maintain attention, brief relaxation periods were allowed as needed (Figure [1B](#F1){ref-type="fig"}).

Data analysis
-------------

### Movement kinematics

The kinematics of the hand were low-pass filtered using a 5-Hz, dual-pass eighth-order Butterworth filter. Then, to quantify the motor performance, three kinematic parameters were computed. Movement time (MT) defined as the time elapsed between leaving the home target and acquiring the reaching target and that reflected regulations during movement performance. Movement length (ML) represented the distance traveled in each trial between the home and the reaching target. Finally, root mean squared error (RMSE) was computed to quantify any discrepancy between the movement trajectory and the "ideal" straight line linking the home and the reaching target. After resampling of the trajectories to reach an equal amount of data points between the actual and "ideal" straight trajectory, the RMSE was computed according to the following formula: $$\text{RMSE}(\text{in~cm}) = \sqrt{\frac{\sum\limits_{i = 1}^{N}\left\lbrack {{(x_{a} - x_{i})}^{2} + {(y_{a} - y_{i})}^{2}} \right\rbrack}{N}}$$ where *x*~*a*~, *y*~*a*~, and *x*~*i*~, *y*~*i*~ are corresponding points of the actual (index *a*), resampled trajectory and the ideal (index *i*) trajectory, respectively. *N* is the number of points in the path.

In addition, a measure of directional error labeled initial directional error (IDE) was computed as the difference between the angle formed by the vector from the home position to the current hand position 80 ms after movement onset and the vector extending from the home position to the goal target (target to reach). Since this directional error is measured before visual feedback is available, measurement error information can inform about planning processes and the current state of the internal model of the perturbation. The kinematic parameters (MT, ML, and RMSE) and the directional error (IDE) were standardized with respect to the pre-exposure stage for each participant to account for any differences in a participants\' performance during the pre-exposure stage (i.e., without perturbation) as well as to focus on changes that are solely due to adaptation. The values were standardized according to the following equation: $$SP_{i}(SD) = \frac{P_{i} - \overline{P_{\Pr\_ Exp}}}{SDP_{\Pr\_ Exp}}$$ where *P*~*i*~ (*P*: Parameter) is the value of a kinematic parameter computed for the *i*th single trial performed during exposure, and $\overline{P_{\Pr\_ Exp}}$ and *SDP*~Pr\_*Exp*~ represent the mean and standard deviation across trials of the same parameter computed during the pre-exposure block, respectively. The *SP*~*i*~ (*SP*: Standardized Parameter) values were then averaged within blocks and participants. As such, a standardization process was applied to the kinematic data, which were expressed in standard deviation units (i.e., *SD* units) relative to the pre-exposure stage for each participant.

### fNIR signal processing

For each participant, raw fNIR data (16 optodes × 2 wavelengths) were low-pass filtered with a finite impulse response, linear phase filter with an order 20 and cut-off frequency of 0.1 Hz to attenuate the high frequency noise, respiration, and cardiac cycle effects (Izzetoglu et al., [@B37]; Ayaz et al., [@B9]). To check for any saturation, in which light intensity at the detector was higher than the analog-to-digital converter limit or motion artifact, both visual inspection and sliding window motion artifact rejection technique was used (Ayaz et al., [@B8]). fNIR data epochs for the baseline and task periods were extracted from the continuous data using time synchronization markers. Blood oxygenation and volume changes within each of the 16 optodes were calculated using the modified Beer-Lambert Law (Chance et al., [@B15]; Villringer and Chance, [@B67]) for task periods with respect to the baseline at beginning of the experiment with fnirSoft (Ayaz, [@B4]). For each task period, concentration changes of four parameters were calculated: oxygenated-hemoglobin (HBO2), deoxygenated hemoglobin (HB), total hemoglobin (HBT), and oxygenation (OXY---defined as the difference between HBO2 and HB). In order to ensure consistency in our data processing, the approach used for fNIR values was similar to that employed for kinematic parameters and error measurement. The fNIR values were also standardized by employing Equation 2. Then, the first eight optodes (1--8) were averaged to represent the left hemisphere while the last eight optodes (9--16) were average to represent the right hemisphere within the prefrontal cortex.

### Statistical procedures and data fitting

Given that the purpose of this study was to investigate the relationship between cortical hemodynamics and performance by replicating a study using EEG power values and a visuomotor adaptation task (Gentili et al., [@B23]), the statistical plan was similar.

### Statistical procedure for kinematic parameters

The average standardized values of the kinematic parameters (MT, ML, and RMSE) were assessed regarding meeting the parametric assumptions of normality using a *Kolmogorov-Smirnov test using a Lilliefors correction* as well as histograms. To assess the behavioral efficacy of the adaptation 2 × 2 Group (Learning and Control) by Period (Early and Late adaptation periods) mixed model ANOVAs with repeated measures on the last factor were computed separately for the kinematic parameters (MT, ML, RMSE) and the directional error (IDE). Adaptation periods were defined as early- (the two first blocks) and late- (the last two blocks) of task performance. The choice of the definition of the period for the early and late period was guided by previous studies that defined these periods in a similar way (e.g., Anguera et al., [@B3]; Gentili et al., [@B23]). Significance criterion for all tests was 0.05, percent change and 95% confidence intervals of the mean differences were calculated and presented in Table [1](#T1){ref-type="table"}. For significant effects, partial omega-squared (ω^2^) is the effect size index presented for the data interpretation. Number Cruncher Statistical System (NCSS) 8 ([www.ncss.com](http://www.ncss.com)) software was used for the statistical analyses.

###### 

**Descriptive statistics of the standardized kinematic parameters and the directional error across the groups including 95% confidence intervals**.

  **Performance**   **Group**   **Mean ± SE (Early)**   **Mean ± SE (Late)**   **% Change**   **Mean difference value**   **Confidence interval (Lower limit)**   **Confidence interval (Upper limit)**
  ----------------- ----------- ----------------------- ---------------------- -------------- --------------------------- --------------------------------------- ---------------------------------------
  MT                EXP         5.58 ± 0.70             1.20 ± 0.33            78.49          4.56                        3.11                                    6.01
  MT                CON         −0.31 ± 0.08            −0.46 ± 0.16           48.39          0.15                        −0.14                                   0.43
  ML                EXP         7.85 ± 1.58             2.57 ± 0.74            67.26          5.28                        2.91                                    7.66
  ML                CON         0.16 ± 0.12             0.08 ± 0.14            50.00          0.07                        0.12                                    −0.20
  RMSE              EXP         8.16 ± 1.55             3.97 ± 1.11            51.35          4.19                        2.40                                    5.97
  RMSE              CON         0.30 ± 0.25             0.05 ± 0.10            83.33          0.25                        −0.19                                   0.69
  IDE               EXP         −2.35 ± 1.73            −0.80 ± 0.69           65.96          1.55                        −2.62                                   −0.48
  IDE               CON         −0.15 ± 0.24            −0.22 ± 0.31           51.94          −0.08                       −0.15                                   0.30

MT, movement time; ML, movement length; RMSE, root mean squared error; IDE, initial directional error; EXP, experimental; CON, control; SE, standard error.

### Statistical procedure for the fNIR parameters

A 2 × 2 × 2 \[Group (learning; control) × Hemisphere (right; left) × Period (early; late)\] mixed model ANOVA with repeated measures on the last two factors was applied separately to the four fNIR markers. The between subjects factor, Group, and the within subjects factors of Hemisphere and Period were fixed factors while the subject factor was a random effect. A Huynh--Feldt correction was applied (Huynh and Feldt, [@B33]) when the assumption of sphericity was violated. Any significant interaction effects were assessed by Tukey HSD tests for interactions. Cohen\'s d effect sizes were also computed and used to aid in data interpretation.

### Data fitting of fNIR parameters

To characterize the cortical dynamics throughout the adaptation stage, the fNIR parameters were fitted throughout the nine practice blocks. A visual inspection of the fNIR data clearly suggested considering a linear fit. Thus, for the left and the right hemisphere and across the adaptation task, the changes in standardized fNIR parameters were fitted using a linear model for each participant. For each linear-fitted model, the coefficient of determination (*r*^2^) and its slope were obtained. Then, for each of the standardized fNIR parameters, the slopes of the linear models were statistically tested, as for the kinematic parameters, by employing a *Kolmogorov--Smirnov test using a Lilliefors correction* and histograms. A non-parametric *Wilcoxon tes*t was used to compare if the model values were statistically different (1) from 0 (i.e., if these models revealed a significant decrease or increase) and (2) between the participants of the learning and control group (i.e., if the dynamics of these model revealed a significant difference between the learning and the control group).

### Relationship between cortical dynamics and kinematics parameters

Finally, to more directly examine the relationships between performance and the cortical hemodynamics, the values for the significant fNIR (HBO2, OXY) parameters were plotted as a function of the kinematics (MT, ML, and RMSE) for the left and the right hemispheres. A visual inspection of the data suggested four main possible fitting curves: a linear \[*f*(*x*) = *ax* + *b* {*a*, *b*} ∈ *R*\], a logarithmic \[*f*(*x*) = *a* log (*x*){*a*} ∈ *R*\], a rational $\left\lbrack {f(x) = \frac{a}{x}\left\{ a \right\} \in R} \right\rbrack$, and a composite function that combined a rational function and a linear component $\left\lbrack {f(x) = \frac{a}{x} + bx + c\left\{ a,b,c \right\} \in R} \right\rbrack$. The best fit was selected by considering *r*^2^ of the fit.

Results {#s3}
=======

Movement kinematics
-------------------

During early exposure to the visuomotor perturbation the participants of the learning group revealed movement similar to counter-clockwise spirals trajectories that included sudden reversals and slow progression toward the targets whereas during the late exposure stage movement trajectories were faster, straighter, and with a reduction of the RMSE as noted in Table [1](#T1){ref-type="table"}. Movement kinematics resulted in significant differences for the Group × Period interaction, Period main effect and Group main effects which are reported in Table [2](#T2){ref-type="table"}. The significant Group × Period interactions and Period main effects revealed that, compared to early adaptation, MT, ML, RMSE, and initial directional error were reduced during the late-exposure stage (see Figures [2A,B](#F2){ref-type="fig"}; left column). In addition, a very large effect ω^2^~partial~ = 0.37−0.64 was detected for the movement kinematics as a function of the interactions or Period main effects. During the post-exposure stage, (i.e., once the distortion was removed), movement trajectories showed distortions (after-effects) with movements in the opposite direction compared to the early stages of adaptation revealing the participants had encoded the internal model of the new visuomotor transformation. Conversely, participants of the control group did not reveal any changes in performance throughout the entire task as suggested by the absence of changes in the hand paths (see Figures [2A,B](#F2){ref-type="fig"}; right column).

###### 

**Results of the mixed model ANOVAs (2 Group × 2 Period) for the kinematic parameters and the directional error obtained for the learning and control groups during the early and late adaptation periods**.

  **Performance**   **Effect**       ***F*~(1,\ 24)~ =**   ***p*-value**   **Effect size index ωpartial^2^/ω^2^**
  ----------------- ---------------- --------------------- --------------- ----------------------------------------
  MT                Group × Period   42.26                 \<0.001         0.61
                    Period           48.11                 \<0.001         0.64
                    Group            68.81                 \<0.001         0.72
  ML                Group × Period   22.58                 \<0.001         0.49
                    Period           23.89                 \<0.001         0.50
                    Group            20.91                 \<0.001         0.43
  RMSE              Group × Period   21.83                 \<0.001         0.48
                    Period           27.70                 \<0.001         0.54
                    Group            20.60                 \<0.001         0.43
  IDE               Group × Period   19.50                 \<0.001         0.42
                    Period           15.98                 \<0.001         0.37
                    Group            18.14                 \<0.001         0.40

MT, movement Time; ML, movement length; RMSE, root mean squared error; IDE, initial directional error. ω^2^, effect size index (proportion of variance explained) for between subjects main effect; ω partial^2^, effect size index for interactions and within subjects main effect.

![**Simultaneous kinematic and fNIR changes during adaptation for the learning (left column) and control (right column) groups. (A)** Changes in movement time (±SE), movement length (±SE; filled black circle) and root mean squared error (±SE; filled gray square) throughout the practice blocks. **(B)** Changes in average trajectory (thick black lines) throughout adaptation for early, middle, and late exposure (the gray area illustrates the standard error across subjects). **(C)** Changes in the magnitude throughout adaptation for early, middle, and late exposure of the standardized fNIR hemodynamics including HBO2 (first row); OXY (second row); HB (third row); and HBT (fourth row) in sd units for the left and right prefrontal regions. MT, movement time; ML, movement length; RMSE, root mean squared error; R, Right; L, Left.](fnhum-07-00277-g0002){#F2}

fNIR value: early (first two) vs. late (last two) blocks of trials
------------------------------------------------------------------

A 2 × 2 × 2 ANOVA (Group × Hemisphere × Period) was applied separately to the four fNIR markers (i.e., HBO2; OXY; HBT; and HB). Significance criterion for all tests was 0.05 and 95% confidence intervals of the mean differences and percent change were calculated and presented in Table [3](#T3){ref-type="table"}.

###### 

**Descriptive statistics of the standardized hemodynamic parameters across the learning and control groups and prefrontal sides including 95% confidence intervals**.

  **fNIR Parameter**   **Prefrontal side**   **Group**   **Mean ± SE (Early)**   **Mean ± SE (Late)**   **% Change**   **Mean difference value**   **Confidence interval (Lower limit)**   **Confidence interval (Upper limit)**
  -------------------- --------------------- ----------- ----------------------- ---------------------- -------------- --------------------------- --------------------------------------- ---------------------------------------
  HBO2                 Left                  EXP         −0.28 ± 0.52            −4.20 ± 1.28           93.33          3.92                        1.87                                    5.98
  HBO2                 Right                 EXP         −0.02 ± 0.75            −4.41 ± 1.16           99.55          4.39                        2.48                                    6.30
  HBO2                 Left                  CON         −0.09 ± 0.47            −0.80 ± 1.77           88.75          0.71                        −2.51                                   3.94
  HBO2                 Right                 CON         0.06 ± 0.38             −0.11 ± 1.80           45.46          0.18                        −3.15                                   3.52
  OXY                  Left                  EXP         0.76 ± 0.67             −4.01 ± 1.17           81.05          4.77                        1.54                                    8.00
  OXY                  Right                 EXP         1.29 ± 0.86             −3.90 ± 1.36           66.92          5.19                        2.06                                    8.33
  OXY                  Left                  CON         −0.47 ± 1.52            −1.10 ± -5.38          57.27          0.63                        −3.02                                   4.27
  OXY                  Right                 CON         −0.19 ± 0.41            −1.05 ± 1.94           81.90          0.85                        −2.88                                   4.59
  HB                   Left                  EXP         −1.84 ± 0.85            −1.29 ± 1.89           42.64          −0.55                       −3.88                                   2.78
  HB                   Right                 EXP         −1.82 ± 0.84            −0.51 ± 0.93           256.86         −1.31                       −2.87                                   0.26
  HB                   Left                  CON         0.51 ± 0.49             −0.67 ± 1.26           23.88          1.18                        −0.94                                   3.30
  HB                   Right                 CON         0.92 ± 0.50             2.05 ± 1.12            55.12          −1.12                       −3.03                                   0.78
  HBT                  Left                  EXP         −0.98 ± 0.55            −3.77 ± 1.35           74.01          2.80                        0.15                                    5.44
  HBT                  Right                 EXP         −1.22 ± 0.74            −3.94 ± 0.90           69.04          2.72                        0.51                                    4.93
  HBT                  Left                  CON         0.23 ± 0.52             −0.55 ± 1.57           58.49          0.78                        −1.93                                   3.48
  HBT                  Right                 CON         0.20 ± 0.32             0.60 ± 1.70            66.67          −0.41                       −3.56                                   2.74

HBO2, oxygenated hemoglobin; OXY, oxygenation; HB, deoxygenated hemoglobin; HBT, total hemoglobin; EXP, experimental; CON, control; SE, standard error.

HBO2
----

The results of the ANOVA revealed a two-way interaction between Group and Period \[*F*~(1,\ 24)~ = 4.67, *p* \< 0.05\] for the HBO2 marker. This analysis showed that HBO2 in the prefrontal region was significantly lower for the late (*M* = −4.31 sd units, *SE* = 1.19; *d* = 1.26) compared to the early (*M* = −0.15 sd units, *SE* = 0.59) adaptation phase in the learning group (*p* \< 0.012) whereas no change was detected (*p* \> 0.98) in the control group (Figures [2C](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}).

![**Average hemodynamics (collapsed across hemisphere) for the early and late adaptation period for HBO2 (panel A), OXY (panel B), HB (panel C), and HBT (panel D) for the learning (black color) and control (gray color) groups.** ^\*^*p* \< 0.05.](fnhum-07-00277-g0003){#F3}

OXY
---

ANOVA revealed a Period main effect \[*F*~(1,\ 24)~ = 6.66, *p* \< 0.05\] for the OXY marker suggesting that, compared to the late adaptation (*M* = −2.51 sd units, *SE* = 1.76, *d* = 0.66), the OXY was significantly higher during early adaptation stage (*M* = 0.35 sd units, *SE* = 0.65) for both groups. Interestingly, ANOVA revealed a tendency regarding a two-way interaction between Group and Period (*p* = 0.06) which suggest that the Period main effect was likely mainly driven by changes in the learning group. Although not significant, the OXY in the prefrontal region tended to be lower for the late (*M* = −3.95 sd units, *SE* = 1.52, *d* = 1.21) compared to the early (*M* = 1.03 sd units, *SE* = 0.76) adaptation phase in the learning group whereas the same comparison for the control group revealed a smaller difference (early: *M* = −0.33 sd units, *SE* = 0.46 vs. late: *M* = −1.03 sd units, *SE* = 1.91, *d* = 0.17; see Figures [2C](#F2){ref-type="fig"}, [3B](#F3){ref-type="fig"}). The high standard errors may have contributed to reducing the power of this test.

HB
--

ANOVA did not reveal any effect (*p* \> 0.05) for the HB marker suggesting that, both the learning and control group had a comparable level of HB throughout practice (see Figures [2C](#F2){ref-type="fig"}, [3C](#F3){ref-type="fig"}).

HBT
---

ANOVA revealed a Group main effect \[*F*~(1,\ 24)~ = 5.07, *p* \< 0.05\] for the HBT marker suggesting that during practice, in comparison to the control group (*M* = 0.12 sd units, *SE* = 4.21, *d* = 0.61), the HBT was lower in the learning (*M* = −2.48 sd units, *SE* = 0.98) group. In addition, the Period main effect exhibited a tendency in the same direction for the early and late phases which was comparable to the OXY and HBO2 biomarkers (*p* = 0.08). The high variability during the late phase contributed to the reduced statistical power and higher Type II error for this effect (see Figures [2C](#F2){ref-type="fig"}, [3D](#F3){ref-type="fig"}).

Linear model of fNIR markers across all blocks of trials
--------------------------------------------------------

The data fitting approach (see Figure [4](#F4){ref-type="fig"}, top row) revealed that the linear fitting \[*f*(*x*) = *ax* + *b* {*a*, *b*} ∈ *R*\] model captured accurately the changes in hemodynamics indicated by the HBO2 marker and revealed a significant linear decrease in both the left (*r*^2^ = 0.92; *p*~*slope*~ \< 0.002; *a* = −0.59; *b* = 1.07) and right (*r*^2^ = 0.93; *p*~*slope*~ \< 0.001; *a* = −0.65; *b* = 1.41) hemisphere throughout the nine blocks of trials in the learning group whereas such change was not significant for the control group (*r*^2^ \< 0.51; *p*~*slope*~ \> 0.50; *a* \> −0.11; *b* \> 0.26). Also, compared to the control group, the linear decrease for the right hemisphere was significantly higher (*p* \< 0.013) for the learning group whereas a tendency in a similar direction was observed for the left hemisphere (*p* = 0.06). The oxygenation level indicated by the OXY marker revealed a very large effects and significant linear decrease in both the left (*r*^2^ = 0.95; *p*~*slope*~ \< 0.007; *a* = −0.71; *b* = 2.10) and right (*r*^2^ = 0.96; *p*~*slope*~ \< 0.004; *a* = −0.78; *b* = 2.71) hemisphere throughout the nine blocks of trials in the learning group whereas the control group did not exhibit these changes (*r*^2^ \< 0.63; *p*~*slope*~ \> 0.57; *a* \> −0.14; *b* \> −0.14). Also, compared to the control group, the linear decrease for the right hemisphere revealed a tendency to be higher (*p* = 0.07) for the learning group (see Figure [4](#F4){ref-type="fig"}, second rows). The same linear modeling applied to the HB did not reveal any significant decrease or increase for both the learning and the control groups (0.20 \< *r*^2^ \< 0.79; *p*~*slope*~ \> 0.20; *a* \> −0.12; *b* \> −1.67). This linear fit revealed a significant decrease of HBT in the right hemisphere for the learning group (*r*^2^ \> 0.78; *p*~*slope*~ \< 0.013; *a* = −0.41; *b* = −0.16) whereas no significant change was observed in the control groups (*r*^2^ \< 0.43; *p*~*slope*~ \> 0.54; *a* \> −0.11; *b* \> 0.60; see Figure [4](#F4){ref-type="fig"}, third and fourth rows).

![**Linear fits of the fNIR hemodynamics changes in the left (full squares, solid lines) and right (empty circles, dashed lines) prefrontal regions for HBO2 (first row), OXY (second row), HB (third row), and HBT (fourth row) throughout the nine blocks of adaptation.** The left (in bold) and right (in italic) numbers in parentheses represent the coefficients of determination for the left and right prefrontal regions, respectively. The full and empty black stars indicate that the slopes were significantly different from 0 for the left and right prefrontal regions, respectively. The left and right columns represent changes in the fNIR hemodynamics for the learning and control groups, respectively.](fnhum-07-00277-g0004){#F4}

Relationship between fNIR parameters level and task performance
---------------------------------------------------------------

To establish a more direct relationship between the observed changes in fNIR markers and kinematic performance throughout the visuomotor adaptation performance, correlational, and data fitting analyses were conducted. Generally, the relationship between the changes in oxygenation levels (i.e., HBO2, OXY) in both hemispheres and the kinematic parameters (MT, ML, RMSE) observed in the learning group was best modeled by means of the composite function (Figure [5](#F5){ref-type="fig"}). Specifically, this fitting model accurately captured the relationship between the HBO2 and the three kinematic parameters (*r*^2^ \> 0.72; see Figure [5](#F5){ref-type="fig"}, left column) as well as between the OXY measurement and the three same kinematics parameters (*r*^2^ \> 0.70; see Figure [5](#F5){ref-type="fig"}, right column) for the participants of the learning group. The coefficient of determination was very large and accounted for a substantial amount of the explained variance in the hemodynamic variables (HBO2 and OXY) as a function of the kinematic measures.

![**Relationship capturing the concurrent changes in kinematics and fNIR hemodynamic in the left (full squares, solid lines) and right (empty circles and dashed lines) prefrontal regions for the HBO2 (first row), the OXY (second row).** The left (in bold) and right (in italic) numbers in parentheses represent the coefficients of determination of these relationships for the left and right prefrontal regions, respectively. The black and gray colors represent changes in the fNIR hemodynamics for the learning and control groups, respectively. The first, second, and third rows represent the relationship between the changes in the fNIR hemodynamics and the movement time, the movement length, and the root mean squared error, respectively. MT, movement time; ML, movement length; RMSE, root mean squared error; B, trial block.](fnhum-07-00277-g0005){#F5}

The model could not capture the same relationship considering HB (which actually presented an opposite directionality to the logarithmic function) whereas it could moderately capture the relationship between the changes in HBT and the three kinematics parameters for the learning group (0.38 ≤ *r*^2^ ≤ 0.48; not shown in Figure [5](#F5){ref-type="fig"}). Finally, the same analyses could not fit the relationship between the hemodynamic markers and the kinematics performance for the control group since no particular patterns was observed in the data. Rather the data represented a simple clustering effect \[see Figure [5](#F5){ref-type="fig"}; the gray empty circles and filled squares for the HBO2 (right column) and OXY (left column)\].

Discussion {#s4}
==========

The main results of this investigation were the reduction of the hemodynamics and oxygenation level as indicated by the changes in HBO2 and to a lesser extent in OXY in the prefrontal regions as participants of the learning group progressively encoded the internal model of the new visuomotor transformation and thus improved their performance during the cognitive-motor adaptation task. Importantly, these reductions of oxygenation in the prefrontal regions were accompanied by a simultaneous decrease in variability and by a reduction in MT, ML, RMSE and directional error that resulted in performance enhancement. No changes either in brain hemodynamics or behavioral performance were observed in the participants of the control group who performed the same task as the learning group without any visuomotor distortion. Therefore, it appears reasonable to consider that the changes in oxygenation (HBO2 and OXY) observed in the prefrontal regions of the participants of the learning group were associated with adaptation of the prefrontal cortical dynamics that translated into enhanced quality of motor performance. Such changes in the learning group provide hemodynamic-based brain biomarkers (Georgopoulos et al., [@B26]; Gentili et al., [@B22], [@B24],[@B25], [@B23]) that can be employed to track the state of motor adaptation and more generally the changes in quality of performance.

Frontal executive functioning for adaptive cognitive-motor challenge
--------------------------------------------------------------------

As expected, a reduction of the oxygenation in the prefrontal regions was observed throughout adaptation. A decrease in oxygenation reflects a progressive reduction of activation of these prefrontal regions suggesting that there is a reduction of the role of the prefrontal cortex as adaptation progresses. Specifically, the highest magnitude of oxygenation was observed during early adaptation suggesting an initial pronounced engagement of these prefrontal regions that was progressively reduced as participants adapted to the task demands. This evidence was also supported by the non-standardized values of HBO2 and OXY (not reported here) which, although similar during the pre-exposure session, suddenly increased when the perturbation was introduced and then decreased as adaptation progressed. Specifically, compared to the control group a 65% and a 82% larger increases for the HBO2 and OXY markers were observed for the learning group, respectively. Furthermore, the effect size for the early to late oxygenation transition for the learning group was large (*d* = 1.21) while the control group had a small to negligible effect (*d* = 0.17). These findings support our hypothesis about the differential involvement of the frontal executive functioning during early and late adaptation to a new visuomotor transformation. More precisely, while the prefrontal regions play a critical role in multiple neural processes, a possible explanation for this gradual prefrontal derecruitment would be related to the executive functioning processes and, specifically, to the inhibitory and the updating functions. Thus, during early exposure the introduction of the sudden kinematic perturbation challenged the individuals of the learning group since they are now facing a new visuomotor map: (1) for which their prepotent visuomotor transformation (i.e., their usual motor response in absence of perturbation) becomes suddenly irrelevant and (2) that creates a mismatch between the visual feedback related to the cursor trajectory and the kinesthetic signals from the arm/hand movement, resulting in sensorimotor conflicts and poor performance. Thus, during early exposure, the inhibitory function would play a critical role by inhibiting the unsuitable prepotent visuomotor transformation. This inhibition would allow for an efficient adaptation (e.g., Miller and Cohen, [@B47]; Basso et al., [@B11]) by facilitating the selection process of a new and well-suited visuomotor plan to solve sensorimotor conflicts and meet the task requirements (i.e., move the cursor as straight and fast as possible). Concurrently, the frontal updating function would constantly update working memory by evaluating newer incoming external (visual input) and internal (kinesthetic) information (Miyake et al., [@B49]; Shimamura, [@B61]). It was previously suggested that both functions could be implemented in the prefrontal regions (Collette and Van der Linden, [@B17]), and specifically, in the dorsolateral prefrontal and frontopolar cortices which are used to evaluate externally (visual, kineasthetics) and internally (motor command) generated information during movement preparation (Christoff and Gabrieli, [@B16]; Braver and Bongiolatti, [@B14]), respectively. Over time, as the participant adapts, the role of these inhibitory and updating functions progressively decreases, resulting in a gradual deactivation (reflected by a reduction of the oxygenation level) of the prefrontal regions by late exposure.

Importantly, by employing an alternative neuroimaging methodology, the present findings confirm and extend those from previous EEG and fMRI studies that revealed an increased role of frontal and prefrontal (dorsolateral, ventral) regions during early compared to late visuomotor adaptation and particularly underscore the role of the frontal executive (inhibitory, updating functions) when a new visuomotor transformation is being encoded (e.g., Shadmehr and Holcomb, [@B59], [@B60]; Ghilardi et al., [@B28]; Graydon et al., [@B29]; Lacourse et al., [@B43]; Anguera et al., [@B2]; Gentili et al., [@B24], [@B23]). In a previous study, Gentili et al. ([@B23]) analyzed EEG and kinematics using exactly the same visuomotor task including a learning group where participants had to adapt to a new visuomotor transformation and a control group who performed the same visuomotor task without any perturbation. The results of the Gentili et al. ([@B23]) EEG study reported a bilateral increase in alpha power in the prefrontal regions that translated into the improvement of the quality of performance as individuals of the learning group adapted to the task demands. By considering that the alpha power is inversely related to brain activation, thus, an increase in EEG alpha power reflects a progressive cortical idling or in other words a progressive refinement of the cortical activity (Pfurtscheller et al., [@B53]; Hatfield et al., [@B31]). Therefore, in the present investigation, the reduction of oxygenation level observed bilaterally in the prefrontal regions is consistent with the reduction of the cortical activity previously reported by an increase in EEG alpha power. In addition, the findings of the Gentili et al. ([@B23]) EEG study also revealed that no change either in performance or alpha power (i.e., no change in cortical activation) was observed in participants of the control group. This finding is also consistent with the present results for the control group where no substantial change either in performance or in the oxygenation level (and thus in cortical activation) was observed. Although the limited spatial resolution of EEG and fNIR do not allow to accurately identify which brain regions would implement such inhibitory function, our results are in accordance with a previous fMRI study that employed a similar adaptation task and suggested the involvement of the ventral prefrontal cortex during inhibition of competing internal models of visuomotor transformations (Shadmehr and Holcomb, [@B60]).

In addition to these EEG and fMRI studies, and although still relatively rare, the few fNIR learning studies provide a developing body of evidence that cortical hemodynamics change as a function of learning new motor skills and practice (Hatakenaka et al., [@B30]; Ikegami and Taga, [@B34]; Leff et al., [@B44],[@B45]; Morihiro et al., [@B50]; Gentili et al., [@B24],[@B25]). Particularly, in agreement with our results, a reduction of cortical hemodynamics was revealed in the prefrontal cortex throughout practice while performance was enhanced (Leff et al., [@B44],[@B45]; Ohuchida et al., [@B51]; Ayaz et al., [@B5]). The authors suggested that such attenuation would reflect a refinement of the prefrontal regions activity involved in executive functioning and particularly those related to attentional processes as well as to working memory supervised by the updating function in order to encode new spatiotemporal arrangements. The observed changes in cortical hemodynamics during this adaptation task could also reflect changes in attentional processes that were previously identified as common practice effects in various studies examining procedural skills learning (e.g., Leff et al., [@B44],[@B45], [@B46]; Ohuchida et al., [@B51]). Importantly, this change in cortical hemodynamics could provide a complementary explanation to the procedural skills attention processes that are related to inhibitory control. During early adaptation, the attentional resources are largely depleted by the task. This depletion of resources occurs in conjunction with the need to inhibit familiar responses, however when performance becomes more automatic during late adaptation the attentional resources are regained.

Also, it must be noted that the refinement of the cortical hemodynamics (HBO2, OXY) and kinematics have different time scales since they follow linear and non-linear (exponential) dynamics, respectively. Such time-scale discrepancies between cortical hemodynamic and kinematics were also observed in previous EEG studies that used the same task (Gentili et al., [@B22], [@B23]; Rietschel, [@B55]). A possible explanation for the time-scale discrepancies would be that, although performance strongly improves over a certain number of trials, the brain is still engaged in a substantial effort to perform the task successfully and thus a high degree of cortical activity is observed. Although, at some point, additional practice does not necessarily result in a substantial improvement of the behavioral performance, the additional practice definitely contributes to enhancing the automaticity of performance that translates into continuous refinement of the prefrontal activity and thus into a continuous reduction of the oxygenation level (Rietschel, [@B55]). With additional practice, we contend that the prefrontal hemodynamics would also reach an asymptotic level.

Nevertheless, it must be noted that a prefrontal asymptotic leveling response was not systematically observed in experiments that involved motor practice. For instance, during a rotor pursuit practice task, while a reduction in the activation of the pre-supplementary motor area was observed, no particular hemodynamic change was revealed in the prefrontal cortex (Hatakenaka et al., [@B30]). Such discrepancy may be due to differences in experimental paradigms and to the nature and/or the demands of the task. Contrary to our task, practice of the pursuit rotor task (Hatakenaka et al., [@B30]) required mainly refining existing motor commands without the need to inhibit prepotent motor plans that could interfere with task performance.

Therefore, the high magnitude of activation in the prefrontal regions during early learning would be primarily related to executive functioning and particularly to the updating function to appraise working memory and inform changes in attentional resources along with the inhibitory function to suppress prepotent motor responses of inappropriate actions. The role of such frontally mediated functions is reduced during late learning and thus leads to a smaller activation of these prefrontal regions (Ghahremani et al., [@B27]). Overall, our results confirm and extend those from previous studies employing various neuroimaging techniques (e.g., fMRI, PET, EEG, fNIR) as well as reinforces that idea that the frontal executive has not only a critical role for cognitive control involved in purely cognitive tasks (e.g., Stroop task, Collette et al., [@B18]), but also for cognitive-motor/sensorimotor learning challenges, contributing to bridging the gap between the cognitive and cognitive-motor/sensorimotor control fields. It must be noted that the current study employed a fNIR probe that only covered the forehead. Thus, although the use of this technique was guided by our hypothesis, additional research is needed by employing a whole head fNIR system in order to further examine the hemodynamic responses of other cortical regions during adaptation.

Hemodynamics-based brain biomarkers for ecologically valid cognitive-motor performance
--------------------------------------------------------------------------------------

To our knowledge, the present study is the first fNIR investigation of a visuomotor adaptation task where the participants need to inhibit prepotent motor plans while performing multi-joint arm reaching movements from a seated position allowing certain latitude in term of mobility. The present study extends and confirms the notion that fNIR technology allows for recording and analyzing the neural activity during cognitive-motor performance and learning task in ecologically valid situations where individuals can be seated rather than constrained to a supine position as is the case when employing fMRI (Hatakenaka et al., [@B30]; Ikegami and Taga, [@B34]; Ayaz et al., [@B10], [@B9], [@B5],[@B6],[@B7]; Morihiro et al., [@B50]; Gentili et al., [@B24],[@B25]). In addition, this type of signal may be more resilient to noise compared to EEG such as less susceptibility for artifacts from eye-movements, muscular activity, and surrounding electrical interferences (Coyle et al., [@B21]; Sweeney et al., [@B65]) and therefore also contribute to reinforce its suitability for applications in the field. From an applied perspective, cortical hemodynamics may play a significant role in a broad range of applications in the field of operational neurosciences. For instance, these hemodynamic-based biomarkers may be useful for monitoring brain activity during ecologically valid adaptive movements where upper limbs are involved in learning/re-learning a motor task or adapting to a new tool/environment in rehabilitation and/or a human factors context. Besides the critical advantage of fNIR to perform a task in an ecologically valid environment, another important advantage of fNIR over fMRI is that additional biomarkers can be derived from the information related to hemodynamic responses which include HBO2, OXY, and HBT and not just HB (Leff et al., [@B46]; Ayaz et al., [@B5]). Although multiple hemodynamic markers can be derived from fNIR, Leff et al. ([@B46]) noted that many fNIR studies only considered one hemodynamic marker to examine brain activation (Miyai et al., [@B48]; Suzuki et al., [@B64]; Takeda et al., [@B66]; Ohuchida et al., [@B51]). We are in agreement with reporting multiple hemodynamic markers in fNIR studies and thus, the current investigation assessed HBO2, HB, and HBT, as well as the OXY marker which reflected the level of total oxygenation.

However, it is also important to note that despite its numerous advantages, fNIR also has important limitations such as a limited temporal resolution compared to other techniques (e.g., EEG). This is an important limitation since such reduced temporal resolution does not allow investigators to examine separately the planning and execution phase as previously done with studies using EEG (Gentili et al., [@B22], [@B23]). Another limitation of fNIR is its sensitivity to head orientation since this can change the blood flow and thus impact the fNIR signals irrespective of the task effects and of the multiple existing approaches developed to eliminate such artifacts (Boas et al., [@B12]; Zhang et al., [@B68]; Ayaz et al., [@B8]; Izzetoglu et al., [@B36]; Sweeney et al., [@B65]; Umeyama and Yamada, [@B67a]). Also, the spatial resolution of spectroscopy-based systems is limited in the optode screening depth to half of the distance between the light source and detector (Strangman et al., [@B63]). Therefore, both fNIR and EEG techniques appear to be complementary techniques that could be combined in order to provide multi-modal hemodynamic and electrical-based brain markers.

Interestingly, as described earlier, the results obtained in this fNIR study are consistent with those previously obtained employing EEG with exactly the same task (Gentili et al., [@B23]). Although no co-registration of fNIR and EEG was performed, the strict parallel of this experimental protocol and that employed by Gentili et al. ([@B23]) contributes to reinforce the idea to combine these two neuroimaging approaches. One important advantage of combining these two neuroimaging technologies would be to have access to multiple markers derived from both electrical activity and hemodynamic responses that act at different temporal and spatial scales. This would be particularly helpful for investigating the brain dynamics and more generally for brain monitoring applications to accurately assess the level of cognitive-motor performance (Gentili et al., [@B24],[@B25]). Because the underlying physics principles of these multimodal technologies, which may be attributed to the fact that the light signal does not interfere with electrical or magnetic fields (Coyle et al., [@B20]), we posit that a combination of fNIR and EEG or fNIR and fMRI seem plausible. Thus, a system combining both EEG and fNIR technologies could be deployed in the field with the possible capabilities to provide different and complementary brain biomarkers that can be used to robustly investigate brain functioning in ecologically valid, naturalistic situations (Coyle et al., [@B20]; Roche-Labarbe et al., [@B56]; Gentili et al., [@B25]).

Conclusion {#s5}
==========

This was the first study to investigate adaptive arm reaching movement employing fNIR technology. Specifically, the findings revealed that throughout adaptation to a new visuomotor transformation, it was possible to derive fNIR-based hemodynamic markers in terms of oxygenation levels (HBO2 and OXY) in the prefrontal regions to assess the ongoing progression of the adaptation processes. Our findings are supported by previous EEG results obtained by employing exactly the same reaching task adaptation paradigm. The study confirms the previously proposed principle that the refinement of the cortical dynamics during adaptation translate into the quality of the motor performance. More precisely, the gradual reduction of oxygenation in the prefrontal regions observed throughout adaptation suggest a pronounced initial involvement of frontal executive processes such as inhibitory and updating functions that is progressively derecruited as the internal model of the new visuomotor transformation is gradually encoded and the task is mastered. The present findings contribute to expand our understanding of the role of frontal executive functioning beyond the purely cognitive field to the cognitive-motor/sensorimotor control field. Overall the observed changes in the cortical hemodynamics represent potential brain biomarkers (Georgopoulos et al., [@B26]; Gentili et al., [@B24],[@B25], [@B23]) that could be combined with different and complementary EEG markers (Gentili et al., [@B23]) to assess the level of adaptive cognitive-motor performance.
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